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A simulation technique is employed to explore the possibility of locating millimeter-sized objects,
immersed in turbid media, from time-gated measurements of the transmitted or reflected light. The
simulation results for tissuelike phantoms are compared to experimental transillumination data and
excellent agreement is found. Simulations of time-gated reflection experiments show that it is
possible to detect objects of 1 mm diameter. This may open new possibilities for medical diagnosis
of breast cancer in an early stage. © 1997 American Association of Physicists in Medicine.
@S0094-2405~97!00611-1#
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Noninvasive diagnostic methods for detection of breast can-
cer at an early stage are of great importance. A successful
screening method should be able to distinguish small tumors
from surrounding healthy tissue before metastasis occurs.1
The ultimate goal is to image millimeter-sized objects in
40–100 mm thick human tissue. In addition, the potential
risk of contracting cancer from repeated exposure to ionizing
radiation has increased the interest in noninvasive optical
techniques that utilize near-infrared light. Near-infrared light
can be used to look at the structure and function of biological
systems.2 In contrast to x-ray mammography where in gen-
eral the incident x rays are scattered at most once, near-
infrared light ~with wavelengths in the 650–1300 nm range!
traversing mammalian tissue is scattered strongly but is only
weakly absorbed. In mammalian tissue the scattering factor
is of the order of 1 mm21 whereas the absorption factor is of
the order of 0.01 mm21.3,4 The main problem of imaging
with diffuse light stems from the overwhelming scatter of
light.
Amplitude-modulated light injected into a scattering me-
dium generates diffusive light-intensity waves.5 These waves
have been shown to behave, in many respects, like propagat-
ing waves.5–11 Inverse scattering techniques in combination
with perturbation schemes have been employed to compute
spatial variations in the absorption factor ma(r) and diffusion
coefficient D(r) ~and hence the location of the objects! from
the knowledge of the phase and amplitude of these waves at
various source and detector positions.12 Recently the recon-
struction from experimental data of two 10 mm diameter
perfectly absorbing spheres immersed in Intralipid has been
demonstrated.12
Picosecond time-scale imaging techniques have been used
to detect objects immersed in highly scattering media.13–16 A
systematic study of the time-gating technique has shown that1688 Med. Phys. 24 11, November 1997 0094-2405/97/24it is highly sensitive with respect to spatial variations in the
absorption or scattering factors,14 in particular under condi-
tions that are similar to those of biological systems of
interest.14 Recent experiments show that the spatial resolu-
tion of the time-gating technique can also be obtained with
the absorption method.17
The diffusive character of the light transport through tur-
bid media usually prohibits the direct detection of weakly
absorbing objects hidden in the medium by direct
continuous-wave measurement of the transmitted or reflected
light intensity. Only if the diffusion factors of the object and
the medium differ considerably is direct detection possible.18
In the diffusive regime, the strong scattering by the medium
blurs the variations in the transmitted or reflected light re-
sulting from the local ~small! variations of the absorption and
the diffusion factor caused by an object immersed in the
medium.
II. MODEL
Most of the light entering a turbid medium ~possibly con-
taining one or more small objects with reduced scattering
and/or absorption factors different from that of the medium!
is scattered many times before it reaches the detector. For
weakly absorbing media the propagation of these photons is,




5¹D~r!¹I~r,t !2vma~r!I~r,t !1S~r,t !, ~1!
where I(r,t) is the light intensity at a point r and at time t ,
D(r)5v/3ms8(r)1ma(r) is the diffusion coefficient, ms8(r)
is the reduced scattering factor, ma(r) denotes the absorption
factor and v is the velocity of light in the medium in the
absence of objects. The light source is represented by S(r,t).
The presence of objects in the medium is reflected by spatial168811/1688/8/$10.00 © 1997 Am. Assoc. Phys. Med.
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factor ~and hence also in the diffusion coefficient!. In gen-
eral, both the absorption and reduced scattering factor will
fluctuate randomly around their spatial average, denoted m¯a
and m¯s8 , respectively. For weakly absorbing media m¯a
!m¯s8 .
We have developed software to simulate the time-gating
experiments, based on a numerical method to solve the
TDDE ~1!. In this paper we demonstrate that the simulation
technique yields results that are in excellent agreement with
experiment.14 We then use the technique to determine the
conditions under which a small, weakly absorbing object
might be detected by measuring the transmitted and/or re-
flected light intensity.
III. ALGORITHM
According to Eq. ~1! the time evolution of the light inten-





dt8 et8HS~r,t1t8!G , ~2!
where t denotes the time step, H52¹D(r)¹1V(r), and
V(r)5vma(r). From Eq. ~2! it follows that all we need to
solve the TDDE ~1! is an algorithm to compute e2tHA(r) for
arbitrary A(r).
We have developed an algorithm to compute e2tHA(r),
based on the fractal decomposition of matrix exponentials
proposed by Suzuki.22 The algorithm is accurate to second
order in the spatial mesh size d and to fourth order in the
temporal mesh size t. Conceptually the algorithm is closely
related to the one we have developed for the time-dependent
Schro¨dinger equation.23 The first step in setting up a numeri-
cal method to solve the TDDE ~1! is to discretize the deriva-
tives with respect to the spatial coordinates. The simplest
approximation scheme having satisfactory properties is24
KxI~r,t ![2
]
]x S D~r! ]]x I~r ,t ! D ur5~ id , jd ,kd!
'2
Di11,j ,k1Di , j ,k
2d2 I i11,j ,k
1
Di11,j ,k12Di , j ,k1Di21,j ,k
2d2 I i , j ,k
2
Di21,j ,k1Di , j ,k
2d2 I i21,j ,k , ~3!
where I i , j ,k5Ir5(id , jd ,kd) and Di , j ,k5Dr
5(id , jd ,kd). For the derivatives with respect to y and z
we use expressions similar to Eq. ~3!.
In analogy with the time-dependent Schro¨dinger equation,
the time-step operator e2tH is approximated by a product of
matrix exponentials. An approximation correct to second or-
der in the time step t is given by25,26
e2tH'e2tKz/2e2tKy/2e2tKx/2e2tVe2tKx/2e2tKy/2e2tKz/2.
~4!Medical Physics, Vol. 24, No. 11, November 1997Instead of using fast Fourier transform techniques27 to com-
pute the quantities such as e2tKx/2A(r), we replace e2tKx/2
by a first-order product formula approximation and obtain28
e2tKx/2'X~t/2!
5)j ,k F )iPE 12 S 11e
2tai , j ,k 12e2tai , j ,k
12e2tai , j ,k 11e2tai , j ,kD
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12e2tai , j ,k 11e2tai , j ,kD
~ i ,i11 !G , ~5!
where the triples (i , j ,k) appearing in Eq. ~5! represent a
point on the lattice, E and O are the sets of even and odd
numbers, respectively, and ai , j ,k5d22(Di , j ,k1Di11,j ,k)/2.
The superscripts (i ,i11) labeling the two-by-two matrices
indicate that this matrix operates on the vector (I i , j ,k ,I i11,j ,k)
only. In Eq. ~4! we replace e2tKy/2 and e2tKz/2 by similar
approximations, Y (t/2) and Z(t/2), respectively. The result-
ing product formula remains correct to order t2. It is also of
interest to note that all the matrix elements of both e2tKx/2
and X(t/2) are positive so that approximation ~5! has the
desirable feature that it will never lead to negative light in-
tensities.
For V(r)>0 ~the case of interest! the explicit, second-




is unconditionally stable. Indeed, if iM i denotes the eigen-
value of the matrix M of largest absolute value, we have
iZ~t/2!Y ~t/2!X~t/2!e2tVX~t/2!Y ~t/2!Z~t/2!i<1, ~7!
which is the condition expressing numerical stability of the
scheme.24
The accuracy of the second-order algorithm may be insuf-
ficient if we want to solve the TDDE for long times. In
practice this is only a minor complication because the
second-order algorithm can be reused to build an algorithm
that is correct to fourth order in the time step. According to
Suzuki’s fractal decomposition,22
S4~t!5S2~pt!S2~pt!S2~124p !tS2~pt!S2~pt! ~8!
will be an approximation to the time-step operator that is
correct to fourth order in t provided p5(4241/3)21. In our
simulations we have used Eqs. ~6! and ~8! and obtained
quantitatively similar results.
The contribution from the source S(r,t) is computed us-







6 Xe2tHS~r,t !14e2tH/2SS r,t1 t2 D1S~r,t1t!C, ~9!
which is correct to fourth order in t.
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propagation of light over a time-step t has been reduced to
elementary operations: repeated multiplications of two ele-
ments of a vector by the corresponding two elements of an-
other vector ~in the case of e2tV!, or of matrix-vector mul-
tiplications involving two-by-two matrices only. The
resulting algorithm is fast, stable and flexible. For practical
applications to the tumor detection problem it is important
that the software can deal with irregularly shaped samples.
As the Suzuki-product-formula-based algorithm presented
above operates on numbers labeled by real-space indices
only, it is as easy to solve the TDDE for a particular shape as
it is to solve the TDDE for a rectangular box.
IV. SIMULATION SOFTWARE
Our current version of the software solves Eq. ~1! in two
and three dimensions subject to perfectly reflecting and/or
absorbing boundary conditions. To mimic realistic situations,
the algorithm can deal with spatial variations of the reduced
scattering and/or absorption coefficients of the medium ~e.g.,
tissue! and/or objects ~e.g., tumors! as well as random fluc-
tuations of all these quantities. The light intensity transmitted
by the sample is being collected by detectors located at r
5(Lx ,y ,z), where Lx denotes the size of the rectangular
simulation box in the direction of the incident light. The
reflected light intensity is being recorded at r5(0,y ,z). The
light source is placed at x50 @i.e., S(r,t)50 unless r
5(0,y ,z)#. We have carried out simulations using sources of
variable size, including the cases of a point source @S(r,t)
5S0(t)d(x)d(y2y0)d(z2z0)# and uniform illumination
@S(r,t)5S0(t)d(x)# . At t50 the source starts to illuminate
the system, until t5t p , when it is turned off. Detection of
the light intensity starts at td(td.tp). Our simulation soft-
ware allows the detectors to record the instantaneous or the
time-integrated light intensity.
For a representative sample of 70 mm370 mm, using a
mesh size of d51 mm(Lx5Ly571), it takes about 1 min on
a Pentium Pro 200 MHz system to carry out 1000 time steps,
including data analysis and visualization. The CPU time re-
quired to solve the TDDE by the algorithm presented above
scales linearly with the number of time steps and the total
number of grid points. Calculation of the time evolution of
the light intensity for a grid of 633633635250 047 points
and 1480 time steps takes 6 min on a Cray C98 ~single
processor!, 42 min on a SGI Power Challenger ~single pro-
cessor!, and 65 min on an IBM RS/6000 model 43P work-
station. For exploratory purposes it is advantageous to simu-
late two-dimensional ~2D! systems. Then, for selected cases,
we simulate the corresponding three-dimensional ~3D! sys-
tem. On a qualitative level there seems to be little difference
between the results obtained from 2D or 3D simulations.
As the effect of particular implementations, compilers,
and computer systems on the performance of specific simu-
lation algorithms can be substantial, it is difficult to compare
different approaches on a quantitative basis but it may be of
interest to compare, on a conceptual level, our approach with
others. Techniques that have been developed to calculateMedical Physics, Vol. 24, No. 11, November 1997light propagation in turbid media can be classified into sto-
chastic methods, such as the Monte Carlo ~MC!
simulations30–35 and random walk models,36,37 or determin-
istic methods that are based on the solutions of the diffusion
equation, which in highly scattering media approximates to
the transport equation.19
The MC simulations trace a large number of individual
paths of photons propagating through a scattering medium.
The scattering events are determined by a probability func-
tion that matches the scattering coefficient. At each scatter-
ing event part of the photons are absorbed. The amount of
absorption is determined by the absorption coefficient. The
scattering angle is given by the scattering phase function. A
MC algorithm has the advantages of being conceptually
simple and of being flexible with respect to geometry, phase
functions, and boundary conditions. A disadvantage of MC
simulations is the large amount of computer time needed to
obtain statistically good quality data.
In general, the numerical methods based on the solution
of the diffusion equation are much faster than the MC meth-
ods to describe the light propagation in tissue, if the scatter-
ing and absorption mechanisms allow the use of the diffusion
approximation.
The diffusion equation, including its time-dependent
form, can be solved analytically for a homogeneous medium
and rather simple geometries.5,38 More flexible than the ana-
lytical methods are the numerical methods, such as the finite
element method ~FEM!,39–41 the finite difference method
~FDM!42 and our method proposed above. The basic idea of
the FEM is that a model that satisfies the time-independent
diffusion equation is divided into elements, and an approxi-
mate solution to the equation is calculated over each ele-
ment. The solution for the whole model can be derived from
the algebraic solutions for each element. The mean time of
flight can be calculated directly from the first moment of the
time-dependent light intensity.41 Using the FDM, the diffu-
sion equation is converted into a finite difference equation
for finite steps of the spatial variables and the temporal vari-
able. The algorithm we use is identical to the FDM as far as
the treatment of the spatial variables is concerned.
V. COMPARISON WITH EXPERIMENTS
In order to compare with the experimental results of Mitic
et al.14 we have made simulations for systems of size
40 mm3127 mm, with the model parameters taken from
Ref. 14. Unless mentioned explicitly, the mesh size of the
spatial discretization d51 mm, the time step t51 ps, tp
57 ps, td5350 ps, and the speed of light in the medium v
50.222 mm/ps. We have checked ~by reducing the mesh
size and the time step! that the numerical results are, for all
practical purposes, exact. The simulation itself is carried out
in a manner identical to the procedure used in the time-
gating technique.14 The sample is illuminated uniformly by
the pulsed light-source. This corresponds to the experimental
situation in which the phantom is located on an x2y stage
and is moved in the horizontal plane under computer
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the interval td,t,t1Dt where Dt denotes the time gate.
In Fig. 1 we depict our simulation results ~dashed lines!
and the experimental data ~solid lines! that are taken from
Ref. 14 ~Fig. 12a of Ref. 14!. The medium contains a plastic
tube ~8 mm diameter! filled with diluted ink, positioned in
the center of the sample. In the simulation both the absorp-
tion and the scattering factor are allowed to fluctuate ran-
domly within 10% of their values quoted in Ref. 14. Our
numerical results are in remarkably good agreement with the
experimental data. The inset shows the distribution of light
inside the sample at Dt5960 ps. The object is clearly vis-
ible.
Increasing the absorption factor of the diluted ink by a
factor of 9 ~Fig. 12b of Ref. 14! yields the results shown in
Fig. 2. Again the overall agreement with the experimental14
data is excellent. Simulation and experimental14 data for a
medium containing bead pairs are shown in Fig. 3. The
agreement between experiment and theory is remarkable,
taking into account that no attempt has been made to make a
‘‘best’’ fit. Figure 4 displays the results for a system contain-
ing a plastic tube with ink-tinted milk with the same scatter-
ing factor as the medium but with a different absorption
factor. Clearly the simulation data displays all the features
observed in experiment, in particular the full-width at half-
maximum agrees very well with the experimental value. The
above simulation results and others ~not shown! demonstrate
that our simulation software reproduces all the features ob-
served in the experiments on the tissuelike phantoms re-
ported in Ref. 14.
FIG. 1. Comparison of experimental ~Ref. 14! ~solid lines! and computer
simulation ~dashed lines! results for the time-gated transilluminated diffu-
sive light intensity. In experiment and simulation the turbid medium has a
reduced scattering factor ms850.9 mm21 and an absorption factor ma
,0.001 mm21; the absorption factor of the 8 mm diameter tube ma
50.014 mm21 ~Ref. 14!. The reduced scattering factor inside the object
ms850. As in Ref. 14 @Fig. 12~a!#, 1: continuous wave case ~experimental
data only!; 2: Dt5960 ps; 3: Dt5480 ps; 4: Dt5240 ps; 5: Dt530 ps. The
inset shows the light distribution inside the sample for Dt5960 ps, the
arrow indicates the direction of the incident light. See also Fig. 12~a! of Ref.
14.Medical Physics, Vol. 24, No. 11, November 1997VI. SIMULATION OF TIME-GATED REFLECTION
EXPERIMENTS
Our simulation software reproduces, without fitting, the
data obtained from time-gated transillumination measure-
ments on turbid media containing relatively large ~68 mm
diameter! objects. Hence it can be used to explore different
techniques for improving the detection methods. We have
used our simulation method to devise a data processing tech-
nique to enhance the imaging quality. An obvious approach
is to compare the data with other data obtained from a ref-
erence, or model system. In the case at hand we know that
the immense scattering of light is responsible for the blurring
of the images of the objects. The variations of both the re-
duced scattering and absorption factor due to the objects are
relatively small. Therefore as a starting point, it is reasonable
to take as a reference model a system with a constant diffu-
sion coefficient. In practice the data processing method
works as follows: We measure the integrated intensity I of
FIG. 2. Same as Fig. 1 except that the absorption factor of the 8 mm diam-
eter tube ma50.13 mm21 ~Ref. 14!. See also Fig. 12~b! of Ref. 14.
FIG. 3. Same as Fig. 1 except that instead of one there are two 10 mm
diameter objects, separated by 20 mm, with an absorption factor ma
50.029 mm21 ~Ref. 14!. See also Fig. 13~a! of Ref. 14.
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obtained from a simulation of a reference model, and com-
pute ln(I/I0) for various source and detector positions. Ac-
cording to a generalization43 of inequalities due to
Symanzik,44 the resulting distribution should reveal whether
there are hidden objects or not.
An illustration of the usefulness of this image processing
method is given in Figs. 5–9. Unless explicitly mentioned
otherwise, the spatial mesh size d51 mm, the time step r
51 ps, the source pulse time t p510 ps, the time at which
the detectors start to record intensity td5500 ps, and the
speed of light in the medium v50.222 mm/ps. Guided by
the experiments on breast tissue,3,14,45–47 in our simulations
FIG. 4. Same as Fig. 1 except that the turbid medium has a reduced scatter-
ing factor ms850.8 mm21 and that the absorption and reduced scattering
factor of the 8 mm diameter tube are ma50.1 mm21 and ms850.8 mm21,
respectively ~Ref. 14!. See also Fig. 15 of Ref. 14.Medical Physics, Vol. 24, No. 11, November 1997we will assume that the turbid medium is characterized by an
absorption and reduced scattering factor ma50.01 mm21 and
ms850.9 mm21, respectively. For tumor tissue we will take
ma50.1 mm21 and ms850.9 mm21, unless explicitly men-
tioned otherwise.
We will use the shorthand notation I¯T and I¯R for the trans-
mitted and reflected intensity, respectively, integrated over
the corresponding detection area. All intensities given below
are normalized with respect to the light intensity supplied by
the source.
In Fig. 5 we show results of a simulation for a sample of
size 71 mm371 mm, containing an object of 2.5 mm radius,
positioned at ~36,26! mm. The sample is illuminated by a
source of diameter 1 mm centered around ~0,36! mm. In the
sequel we will call such a small source a point source. Fig-
ures 5~a! and 5~c! show the integrated intensity while Figs.
5~b! and 5~d! show the corresponding processed signal. For
Dt5612 ps @Figs. 5~a! and 5~b!#, it is clear that the object
leaves no trace in the transmitted and reflected intensity
whereas the processed data clearly indicate that there is an
object inside the sample. For Dt51836 ps @Figs. 5~c! and
5~d!# the transmitted intensity shows an asymmetry. Since
the light source is positioned at ~0,36! mm, this asymmetry
indicates that there is an object immersed in the sample. In
the reflected intensity, however, the object leaves no trace. In
the processed reflected intensity the object is clearly visible.
Note that the position of the maximum of the processed in-
tensity changes with Dt @Figs. 5~b! and 5~d!#.
Figures 6~a! and 6~b! show simulation results for the same
setup as the one used for Figs. 5~c! and 5~d! except that the
light source is now positioned at ~0,16! mm. The transmitted
and reflected intensities in Figs. 5~c! and 5~d! and Figs. 6~a!
and 6~b! look completely different. As the image of the point
source itself resembles the image of an object it is as good asFIG. 5. Simulation of a time-resolved experiment on a turbid medium with a reduced scattering factor ms850.9 mm21 and an absorption factor ma
50.01 mm21 containing a 2.5 mm radius object with absorption and reduced scattering factors ma50.1 mm21 and ms850.9 mm21, respectively. The
dimensions of the sample are 71 mm371 mm. The object is located at ~36,26! mm. The sample is illuminated by a source of diameter 1 mm centered around
~0,36! mm during a time tp510 ps. ~a! Time-integrated transmitted ~right! and reflected ~left! intensity for Dt5612 ps. I¯T'0.631028 and I¯R'0.2
31022; ~b! processed signal corresponding to ~a!; ~c! same as ~a! except that Dt51836 ps. I¯T'0.531026 and I¯R'0.331022; ~d! processed signal
corresponding to ~c!. The ~processed! light intensities inside the sample are also shown.
1693 Michielsen, De Raedt, and Garcı´a: Time-gated transillumination and reflection 1693FIG. 6. Same as Fig. 5 except for the source illuminating the system. Dt51836 ps. ~a! Point source centered around ~0, 16! mm. I¯T'0.531026 and I¯R
'0.331022; ~b! processed signal corresponding to ~a!; ~c! source emitting a Gaussian light distribution of width 5 mm, centered around ~0, 36! mm. I¯T
'0.531026 and I¯R'0.331022; ~d! processed signal corresponding to ~c!.impossible to conclude from the transmitted or reflected in-
tensities whether or not there is an object inside the sample.
The processed intensities, however, correctly signal the pres-
ence of an object. From Figs. 5, 6~a! and 6~b!, it follows that
there is no obvious relationship between the position of the
object and the maximum of the processed intensity.
Illumination of the sample by a source emitting a Gauss-
ian light distribution of width 5 mm yields the results shown
in Figs. 6~c! and 6~d!. These results can hardly be distin-
guished from those shown in Figs. 5~c! and 5~d! obtained by
using a point source. Figure 7 displays results for a system
containing an object of 2.5 mm radius, positioned at ~16,26!
mm. Figs. 7~a! and 7~b! show the time-integrated transmitted
and reflected intensities for illumination by a point source
while Figs. 7~c! and 7~d! show the intensities for uniform
illumination of the whole left edge of the sample. Using aMedical Physics, Vol. 24, No. 11, November 1997point source yields no trace of the object in the reflected
intensity and only a weak one in the transmitted intensity
@Figs. 5~a! and 5~c! and 7~a!#. In the processed signals, how-
ever, there is a clear signal of the object @Figs. 5~b! and 5~d!
and 7~b!#. Uniform illumination of the whole left edge of the
sample @Figs. 7~c! and 7~d!# yields a very weak signal of the
object in the transmitted and reflected intensities and a clear
signal in the processed intensities. The fingerprint of the ob-
ject in the reflected intensity disappears completely if the
object is more than 20 mm away from the entrance plane,
while in the transmitted intensity the very weak signal is
present, independent of the location of the object within the
sample ~results not shown!. In the case of uniform illumina-
tion the position of the maximum of the processed intensity
no longer changes as a function of time ~not shown! and
corresponds to the y coordinate of the position of the object.FIG. 7. Same as Fig. 5 except for the source illuminating the system and the position of the object ~16,26! mm Dt51836 ps. ~a! Point source centered around
~0,36! mm. I¯T'0.631026 and I¯R'0.231022; ~b! processed signal corresponding to ~a!; ~c! uniform illumination of the left edge of the sample. I¯T'0.6
31026 and I¯R'0.231022; ~d! processed signal corresponding to ~c!.
1694 Michielsen, De Raedt, and Garcı´a: Time-gated transillumination and reflection 1694Uniform illumination of the other edges of the sample should
therefore allow the determination of the position of the ob-
ject.
In Fig. 8 we present simulation results for a system con-
taining an object of 0.5 mm radius. For comparison the setup
is kept the same as the one used for Fig. 7. As seen from Fig.
8~a!, using a point source, it is no longer possible to detect
the object in the transmitted intensity. Also for uniform illu-
mination of the whole left edge of the sample the fingerprint
of the small object in the transmitted and reflected intensities
@Fig. 8~c!# is much weaker than for an object of radius 2.5
mm @Fig. 7~c!#. In the simulation the object always leaves a
FIG. 8. Same as Fig. 7 except that the object has a radius of 0.5 mm.
FIG. 9. Simulation of a time-gated transillumination and reflection experi-
ment on a turbid medium with a reduced scattering factor ms851 mm21 and
an absorption factor ma850.01 mm21 containing a 1 mm radius sphere with
an absorption and a reduced scattering factor of ma50.1 mm21 and ms8
51 mm21, respectively. The dimensions of the sample are
63 mm363 mm363 mm, Dt5796 ps, and td5500 ps. The object is lo-
cated at (x ,y ,z)5~32 mm,30 mm,34 mm!. The small sphere inside the
sample denotes the position of the object. ~a! Time-integrated intensity
transmitted ~right! and reflected ~left! intensity. The sample is illuminated by
a source of diameter 1 mm centered around ~0, 32, 32! mm during a time
tp510 ps; ~b! processed signal corresponding to ~a!; ~c! same as ~a! except
that the sample is uniformly illuminated on its whole left plane; ~d! pro-
cessed signal corresponding to ~c!. The light gray, black, and dark gray areas
receive respectively more than 70%, between 40% and 70%, and less than
40% of the detected light.Medical Physics, Vol. 24, No. 11, November 1997trace in the processed signals, independent of its location in
the sample. Evidently, due to the signal-to-noise ratio, this
will not necessarily be the case in experiment. From Figs. 7
and 8 it is clear that it is very difficult, not to say impossible,
to infer the size of the object from the measured intensities.
In Fig. 9 we show a result of a simulation for a sample of
size 63 mm363 mm363 mm, containing a sphere of 1 mm
radius, positioned at (x ,y ,z)5(32 mm,30 mm,34 mm). In
the turbid medium ms851 mm21 and ma50.01 mm21. The
object has ms851 mm21 and ma50.1 mm21. The light inten-
sity transmitted by the sample is being collected by detectors
located at ~63 mm, y , z!, while the reflected light intensity is
recorded at (0,y ,z). Figures 9~a! and 9~b! show results for
illumination of the sample by a point source centered around
~0,32,32! mm and Figs. 9~c! and 9~d! show the results for
uniform illumination of the sample on its whole left plane.
Figures 9~a! and 9~c! show the integrated intensities, while
Figs. 9~b! and 9~d! show the processed signals. It is clear that
the object leaves no trace in the intensity whereas the pro-
cessed data clearly indicate that there is an object inside the
sample. The position of the maximum of the processed re-
flected intensity changes with Dt if a point source is used,
just as in the 2D case.
VII. CONCLUSION
We have developed software to simulate time-gated tran-
sillumination and reflection experiments of light diffusion in
turbid media. Our simulation technique reproduces experi-
mental data without the need of fitting parameters. Simula-
tion results for the time-gated transillumination and reflec-
tion technique suggest that under conditions similar to those
of human tissue with tumors, objects of 1 mm diameter can
be located, independent of their location within the sample, if
a data processing technique is used. The possibility of detect-
ing objects, e.g., tumors, of 1 mm radius ~or smaller! by
reflection measurements offers new possibilities for perform-
ing in vivo experiments on breasts and brains, with the ad-
vantage of having a higher magnitude of the signal than in
transillumination experiments and hence the possible advan-
tage that there is no need to compress or deform the tissue.
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